ABSTRACT: Trends in climate variables important to winegrape production in the western United States include fewer frost days, longer growing seasons, and higher spring and growing season temperatures. These trends have been related to a steady increase in wine quality and a decrease in year-to-year variability. While the trends in climate have been linked to increasing sea surface temperatures in the eastern Pacific, it is unknown whether this is caused by climate change or may be part of natural oscillations in the Pacific. In this study, 15 climate variables important to winegrape production were analyzed for 10 wine regions over the western USA. The variables were stratified by phases of the El Niño-Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO), both separately and then in combination (modulation effect) to determine if there are any significant differences between teleconnections. 'Wine Spectator' vintage ratings for Cabernet Sauvignon wines from the Napa Valley were also stratified by the same method, and multivariate statistics were used to determine which variables are most important to wine quality. ENSO phase by itself was not found to be important to either climate variability in wine regions in the western USA or wine quality in Napa Valley, but the cold phase of the PDO was found to be associated with increased spring frosts and a shorter growing season that results in lower ratings relative to warm PDO. The combination of neutral ENSO conditions during the cold phase of the PDO was nearly always associated with low quality wine in the Napa Valley, which is a function of cold springs with increased frost risk, cool growing seasons, and ripening period rainfall (cold PDO), and above-average bloom and summer rainfall (neutral ENSO). Although climate trends toward generally warmer growing seasons with less frost risk have occurred, this research highlights the impact of climate variability on wine quality where, should the PDO return to a multi-decadal cold phase, wine growers in the Napa Valley and across the western USA will likely experience greater variability in wine quality.
INTRODUCTION
The El Niño-Southern Oscillation (ENSO) phenomenon has historically been an important part of life on the west coast of North America, but has clearly been more prominent since the 1982/1983 El Niño event that brought the term into the popular lexicon. Meteorologically, El Niño is associated with above-average winter precipitation in California and below-average winter precipitation in the Pacific Northwest (Glantz 2001) . However, El Niño events have often been portrayed in a destructively negative manner by the media, which has led wine growers in the western United States to negatively associate winegrape production and subsequent wine quality with El Niño. This view of El Niño persists despite the fact that there is no research to suggest a negative relationship between any phase of ENSO and winegrape production and wine quality in the western United States. While the ENSO signal has been detected in time series of wine quality and winegrape production in Spain (Rodo & Comin 2000) and Portugal (Esteves & Orgaz 2001) , no such studies have examined this relationship for the western United States. Ironically, another mode of climate variability in the Pacific Ocean, the Pacific Decadal Oscillation (PDO), has been shown to significantly impact California wine, although research in this area has not focused on regions outside of the Napa and Sonoma Valleys. Nemani et al. (2001) found that the most recent warm phase of the PDO (1977 PDO ( to 1998 was associated with higher winter and spring temperatures, fewer frost days, and a longer growing season among other things, than the preceding cold phase of the PDO. All of the changes to Napa and Sonoma Valley climate were beneficial to winegrape production and wine quality. They concluded that, while the climatic changes were highly correlated to increases in eastern Pacific Ocean SSTs, there is no way to conclusively determine whether they were related to natural climate variability (PDO) or climate change.
The purpose of this research is to examine the influence of Pacific Ocean variability on the spatial structure and variability of climatic variables important to winegrape production in the western United States wine regions (Fig. 1) . Climate teleconnections representing 2 temporal modes of Pacific sector climate variability, the PDO (multi-decadal) and ENSO (interannual) were split into their various phases to determine the individual impacts of the teleconnections on the climate variables. Since the strength of the ENSO climate signal has been shown to vary with the underlying phase of the PDO (Gershunov & Barnett 1998) , the set of years of individual ENSO phases were also split by PDO phase to account for the modulation of the ENSO signal. Difference of means testing was used to determine significant relationships between climate structure across the western United States and the various phases of PDO and ENSO. In addition, this analysis also specifically examined the relationship between the 2 climate teleconnections and wine quality in the important wine region of Napa Valley. A principal components analysis (PCA) was used to reduce the climate variables important to winegrape production in Napa Valley into the primary modes of variability. The principal components were then regressed with 'Wine Spectator' vintage ratings to determine the key climate variables that influence Napa Valley vintages. Finally, the research discusses how the synoptic conditions present during certain combinations of ENSO and PDO produce higher/lower quality wine due to the influence of the teleconnections on certain climate variables. Jones (2005b) studied the structure and trends in temperature-related parameters for California, Oregon, and Washington grape growing regions for the years 1948 to 2002 using the United States Historical Climatology Network (USHCN) climate database. The present paper updates the Jones (2005b) research by adding more stations and including precipitation variables important to growing quality winegrapes. The USHCN database represents a single, consistent, longterm set of >1000 cooperative observing stations in the United States (Easterling et al. 1999) . The data have undergone rigorous testing to ensure that bias from urbanization, station moves, and instrument changes have been minimized or corrected. Data for California, Oregon, and Washington winegrape growing regions were extracted, resulting in 44 stations being selected (22 stations in California, 13 stations in Oregon, and 9 stations in Washington; Fig. 1 ). The stations selected were meant to represent either specific American Viticultural Areas (AVAs; governmentally defined production regions), such as in Oregon and Washington, or broad grape growing areas, such as in California (Fig. 1) . The data aggregation and processing results in 10 regions depicting the climate structure, variability, and trends associated with the average climate of each region. In addition, to capture a longer time period for the teleconnection analysis with wine quality, the above methods were also applied to 2 stations in the Napa Valley. The climate stations at Napa State Hospital and St. Helena represent the cooler southern and warmer northern sections of the valley, respectively, and climate data for 1930 to 2002 were averaged to produce a mean valley dataset. While some missing data were evident in the USHCN, restricting the time period to 1948 to 2002 for the western United States and the 2 locations in the Napa Valley for 1930 to 2002 resulted in the chosen stations having < 5% of their individual records missing. If missing data were encountered, only those months with < 5% missing observations were used in the analysis. If < 5% missing observations were encountered, the missing data points were replaced by an average of the 2 d, both before and after the missing observations or by the region-wide average for that region when multiple days in a row were missing.
DATA AND METHODS

Regional climate data
To analyze the climate structure in these regions, daily maximum and minimum temperatures and precipitation from the USHCN were used to derive 15 climatically important parameters for winegrape growing (Jones 2005b) . Five of the parameters represent temperature or heat accumulation characteristics, including: (1) Growing season (April to October) average temperature (Tavg) (2) Growing season average maximum temperature (Tmax) (3) Growing season average minimum temperature (Tmin) (4) Ripening period (15 August to 15 October) average temperature (RTavg) (5) Growing degree-days using a base of 10°C with no upper cut-off (GDD), calculated as:
Six additional parameters represent frost-related characteristics and, while the definition of what constitutes the critical minimum temperature that results in frost damage for individual crops varies, this research examines only those occurrences below 0°C and includes:
(6) The number of frost days on an annual basis (July through June) (7) The number of frost days during the spring (March, April, and May) (8) The number of frost days during the fall (September, October, and November) (9) The last date of spring frost (10) The first date of fall frost (11) The length of the frost-free period (defined as the difference between a given year's last frost in the spring and first frost in the fall) The final 4 parameters represent precipitation characteristics, including: (12) Winter precipitation (November to March) (Wprecip) (13) Growing season precipitation (April to October) (GSprecip) (14) Bloom period precipitation (15 May to 15 June) (Bprecip) (15) Ripening period precipitation (15 August to 15
October) (Rprecip) The 15 parameters were analyzed for each of the 44 stations individually, averaged by region, and were subtracted from the long-term, region-wide average to create a time series of anomalies. In addition, the same procedure was done for the longer time period for the Napa Valley's 2 stations. Overall descriptive statistics were calculated for each parameter, in each individual region and the Napa Valley. In addition, region-wide and Napa Valley time series were checked for firstorder autocorrelation using the Durbin-Watson statistic. Finding no autocorrelation problems, the time series was then analyzed for trends using linear regression and 5 yr moving averages.
ENSO-PDO time series
This research uses the method outlined in Trenberth (1997) to determine years of El Niño, La Niña, and neutral ENSO. When the 5 mo moving average of Niño-3.4 (5°N to 5°S, 120 to 170°W) anomalies exceeds + 0.4 (-0.4) for 6 consecutive months, an El Niño (La Niña) event was said to occur. All other periods were considered neutral ENSO. If the El Niño or La Niña event occurred during the July to November
period preceding a particular winter, then that winter was classified accordingly. Since most ENSO events last between 9 and 12 mo, that winter's ENSO conditions generally persist throughout the following growing season. Using this method, there are 19 El Niño years, 17 La Niña years, and 30 yr of neutral ENSO during the period of record from 1933 to 1998 (truncated to match the PDO, see below). The dataset used in this study was the Kaplan extended Niño-3.4 data set (Kaplan et al. 1998) The PDO is related to low-frequency variability in sea surface temperatures (SSTs) in the extratropical Pacific Ocean (Frauenfeld et al. 2005) , with a period of around 50 yr. The PDO index is the leading principal component or eigenvector of the mean monthly SSTs in the Pacific Ocean north of 20°N latitude (Mantua et al. 1997) and is most prominent in November to March. Positive (warm phase) values of the PDO refer to above normal SSTs along the west coast of North America and along the equator and below normal SSTs in the central and western North Pacific centered around 45°N latitude. Negative values of the PDO refer to the opposite distribution of SSTs in these same areas. Rather than using annual or seasonal index values, multi-decadal warm and cold phases were used to delineate changes in the PDO (Gershunov & Barnett 1998 , Gutzler et al. 2002 . Mantua & Hare (2002) suggest there have only been 2 complete cycles of the PDO since 1890 (warm; 1925 to 1946 and 1977 to 1998; cold: 1890 to 1924 and 1947 to 1976) . While the PDO may have shifted to a cold phase beginning in 1999 (Hare & Mantua 2000 , Schwing & Moore 2000 , most scientists agree that this may not be known for several years (Mantua & Hare 2002 , Chavez et al. 2003 . For this reason, the analysis was truncated to 1998; however, the possibility of, and implications for a shift to cold PDO in 1999 is expounded upon in Section 4 of this paper. The PDO dataset used in this study was obtained online from the Joint Institute for the Study of Atmosphere and Oceans (JISAO) at the University of Washington (http://jisao.washington.edu/pdo/ PDO.latest).
Unlike ENSO, where much is known about the physics that give rise to its occurrence, there is greater uncertainty regarding the physical mechanisms of the PDO as well as the complexity of its relationship to ENSO. Some have suggested that the PDO represents the ENSO signal plus red noise (Gedalof et al. 2002 , Newman et al. 2003 , while others more recently suggest that the PDO is a function of the superposition of SST fluctuations emanating from dynamical modes such as ENSO and the KuroshioOyashio Extension, among others (Schneider & Cornuelle 2005) . Other research has shown that decadal variability in the North Pacific may result from shifts in the main teleconnection centers between El Niño and La Niña years and the nonlinearity of the tropical and extra-tropical Pacific ). Regardless of the relationship between the PDO and ENSO, it is well known that the usefulness of ENSO as a seasonal predictive tool does vary with the phase of the PDO (Gershunov & Barnett 1998 , McCabe & Dettinger 1999 . Nemani et al. (2001) and Jones (2005b) found that most of the important climate variables that influence winegrape production in Napa and Sonoma Valleys (North Coast) displayed a steady upward trend since 1948 (e.g. growing degree-days, Fig. 2 ). Since many of the climate variables in these studies are highly correlated to eastern Pacific SSTs and many display a steadily increasing trend, it points to a climate change influence. However, certain variables from those studies (Fig. 3) , display a step-change that corresponds to the 1976 to 1977 climate shift in the Pacific Ocean that is believed to represent a phase change in the PDO from cold to warm (Mantua et al. 1997) . It was this step-change in some of the variables that led to the consideration that natural variability in the Pacific Ocean may be responsible for at least some of the changes noted in regional climate structure and wine- Table 1) grape production and wine quality in the western United States since 1950. To test this, the 11 temperature and 4 precipitation variables averaged over each of the 10 west coast wine regions and the Napa Valley were stratified by years of El Niño, La Niña, and neutral ENSO and then separately by years of warm and cold PDO to determine if there were significant differences between the various phases of each teleconnection. Finally, in order to determine the significance of the ENSO-PDO modulation of the regional climates of the wine regions and wine quality in the Napa Valley, difference-of-means tests were performed on the characteristic structure for each of the 6 possible ENSO-PDO categories. This method follows that of Goodrich (2007), which has proven to be useful in understanding the effect of the PDO on winter precipitation and drought during years of neutral ENSO.
'Wine Spectator' vintage ratings
The most common metrics used by the public, the wine industry, and in academic research for yearto-year comparisons of wine quality are either prices or vintage ratings (Ashenfelter et al. 1995 , Jones & Storchmann 2001 . The relationships between climate, quality, and price are simple; beneficial growing seasons produce higher quality fruit, that when processed into wine, obtains higher ratings and therefore higher prices on the market. However, long-term consistent price data for multiple regions and wine styles over many years are not readily available and, even if available, have the additional influence of availability (scarcity). Vintage ratings, on the other hand, are available from numerous sources (Jones et al. 2005) , for many wine regions and wine styles, and cover fairly long time periods (i.e. 20 to 50 yr or more). Vintage rating systems are typically based upon categorical estimates from bad to exceptional quality or numerical scores that range from 0 to 20 or 0 to 100, with higher values representing higher quality. Vintage ratings are compiled either for single wines from a given producer, or are aggregated to represent a region-wide rating value. While rating systems vary in terms of their structural categories or scales, their overall goal is to provide a system of classification by either single judges or panels, which assesses each vintage's wine based upon flavor, aroma, body, color, and the balance of alcohol and acidity typical of a given wine style.
Research using vintage ratings has found that they accurately reflect the weather factors long known to determine wine quality (Ashenfelter & Jones 2000) . Jones & Davis (2000) also found strong connections between climate, grapevine phenology, fruit composition, and vintage ratings for Bordeaux, France. Nemani et al. (2001) also showed how ratings impact price with an average rating increase of 10 points (on a 0 to 100 scale), resulting in a 220% increase in price per bottle for the 1995 vintage in the Napa Valley of California. Furthermore, Jones et al. (2005) found that vintage ratings for 27 of the world's best wine regions have shown trends of increasing overall quality with less vintage-to-vintage variation and that growing season temperatures are important factors in vintage ratings. While varying by the region and wine type, the average marginal effect of the growing season temperatures show that a 1.0°C warmer vintage results in an average 13 rating point increase.
While numerous rating systems, compiled over various time periods and by various sources (e.g. 'Sotheby's', 'Wine Enthusiast', 'Wine Spectator', 'Wine Advocate', and others), exist, correlations between the various sources are generally strong (r > 0.9), indicating that this subjective measure of quality is a good quantitative representation of a vintage (Jones 1997) . Reisman et al. (2003) , comparing the 'Wine Enthusiast', 'Wine Spectator', 'Wine Advocate' rating systems for the north coast region of California and Cabernet Sauvignon wines, also showed that vintages clearly vary in terms of quality, but that the different rating Table 2) systems do not differ significantly on a year-to-year basis. Furthermore, Jones (2005a) compared wine composition data (sugar levels and potential alcohol) with vintage ratings for the same 3 rating systems as in Reisman et al. (2003) and found that from an economic perspective the 'Wine Spectator' is the more important rating system for Napa Valley Cabernet Sauvignon wines. Therefore, this research uses the 'Wine Spectator' vintage ratings (WSR) for Cabernet Sauvignon wines from the Napa Valley for the 1933 to 2002 vintages (Laube 1989 , Wine Spectator 2004 to determine the impact of ENSO and PDO on wine quality (truncated to 1998 to match the PDO). While the results of this section of the analysis are specific only to the Napa Valley, this methodology could be repeated for any number of vintages for each wine region in the western United States, as long as an appropriate rating scale is available. Since Napa Valley is the premier wine region in the United States, we feel that the Cabernet Sauvignon ratings will showcase the impact of teleconnections on an important component of the United States wine industry. WSR from 1933 to 2002 (Fig. 4) have an average score of 86, with a standard deviation of 8.1, and achieved the highest score (98) in 1997 and the lowest score (67) in 1953. The time series shows that wine quality has steadily increased since the 1950s as climatic conditions have become more favorable to wine production (Nemani et al. 2001 , Jones 2005a ). There has also been substantially less variability in the form of fewer poor vintages since the late 1970s. While some of this trend and reduced variability is likely due to better plant material and increased technology in the vineyard and winery, our concern here was whether the increase in quality was driven by natural oscillations in climate or by climate change. The goal of this section of the analysis was to determine if there was a specific teleconnection phase that was consistently associated with high or low quality wine and, more specifically, which of the 15 climate variables known to impact winegrape production are most important to achieving high (or low) vintage ratings.
RESULTS
Regional climate analysis
3.1.1. Temperature Growing degree-days over the 10 western United States wine regions (Fig. 1) range from a low of 972 in the Puget Sound region to a high of 2618 in the Central Valley (Table 1) . Variability in degree-days averages roughly 120 from year to year, with the lowest variations in the Puget Sound and North Coast regions and the greatest year-to-year variation in the North Valley region. Over the time period each of the regions has experienced statistically significant changes, with an average increase of 171. For example, the North Coast region has trended upward 160 degree-days over the 55 yr from 1948 to 2002 (Fig. 2) . Jones (2005b) has shown that growing season average, maximum, and minimum temperatures also follow a general northsouth gradient from the lowest in the Puget Sound to the highest in the Central Valley, with some minor differences in minimum temperatures that are driven by elevation. Overall, positive trends in these 3 temperature parameters were seen across each region with significant trends in 9 of 10 regions for average temperatures, 5 of 10 regions for maximum temperatures, and all regions for minimum temperatures (Jones 2005b) . Average growing season temperatures increased from 0.6 to 1.4°C across the regions with an overall average increase of 0.9°C. Maximum temperature changes were much less significant, with an overall warming averaged across all regions of 1.0°C. Minimum temperatures changed more significantly than maximums, with trends that range from 0.8 to 1.9°C and averaged 1.3°C. Ripening period average temperatures have similar north-south spatial variations and generally warmed over the time period, with 7 of the regions experiencing significant trends ranging from 0.8 to 1.4°C (Jones 2005b) . In terms of annual, spring, and fall frost frequencies, Jones (2005b) found that most regions have seen a decline in the overall number of days < 0°C. The annual fre- Note that some regions have had trends such that spring frosts are rare occurrences today. Fall frost frequency also follows the same spatial pattern, with some regions experiencing very few frosts; however, the trends in fall frost frequencies were much less significant across all regions and average only 3 d.
The timing of frost events in the spring and fall are typically very important factors in damaging either the young shoots or ripening fruit. On average, last spring frosts occurred from as early as the last week in February in the Central Valley to as late as 11 May in Columbia Valley, Oregon (Table 2) . Standard deviations in spring frost dates indicate that most regions experience a window of frost potential of 10 to 22 d from their respective mean dates. The average latest dates for spring frosts during the time period occurred in the last 2 wk of May and the earliest in the middle of January. All regions showed statistically significant trends toward earlier last spring frosts, with an average change of 25 d and a maximum change of 53 d experienced in the North Coast area (Table 2 ). The first frosts each fall come as early as the first and second week in October in the Columbia Valley regions and the Rogue Valley. The average latest first fall frosts occur from the third to fourth weeks in November in the California regions. The variability in the first fall date was similar to that observed for spring, and, interestingly, the regions that experience early last spring frosts and late first fall frosts typically have greater variability in the timing of the events (Jones 2005b) . The average earliest fall frosts during the time period came in the second week of September for the Columbia, Rogue, and Umpqua Valleys. Trends in fall frost timing were less significant and of lower magnitude than in spring, with changes that average 10 d later across the regions. (Table 3 ). Bloom (6 to 65 mm) and ripening (10 to 110 mm) period precipitation follows a similar spatial pattern to growing season rainfall, with greater amounts along the northern coastal regions (not shown). Trends in precipitation over the 1948 to 2002 time period were few, with no statistically significant trends in winter precipitation (not shown), although 5 regions had slight increases, while the Puget Sound region had a slight decrease. In addition, changes in growing season precipitation were not significant across the regions (Table 3 ). However, bloom period rainfall showed slight positive trends in 7 of the 10 regions, with the Puget Sound region having a significant increase of 25.9 mm over the time period. Ripening period rainfall trends revealed the opposite of the bloom period, with declines seen in 6 of the 10 regions. The Puget Sound, Willamette Valley, and Umpqua Valley each had significant declines in ripening period precipitation that averaged 45 mm for the time period (not shown).
Napa Valley
Over the longer time period (1930 to 2002) for the Napa Valley, trends generally follow those of the whole western United States wine regions described above (Table 4 (Fig. 5) , resulting in an average temperature increase of 1.5°C (Fig. 5) 
Teleconnection analysis
In general, ENSO phase was not a significant factor in many of the variables that are important to wine production. El Niño years were slightly warmer with more GDDs and fewer frost days than La Niña, but the differences were not statistically significant (not shown). In addition, El Niño winters were wetter than La Niña in California, while El Niño winters were drier than La Niña in Oregon and Washington, but the differences were not significant (not shown). For most climate variables, years of neutral ENSO were in between El Niño and La Niña, except for spring and summer precipitation (wetter than both El Niño and La Niña in 8 of 10 regions) and spring ripening temperatures (warmer than both in 6 of 10 regions). It was speculated that the main reason that ENSO phase does not significantly affect climate variables important to wine production is because ENSO is a teleconnection that primarily impacts winter precipitation and generally weakens into spring and summer and thus is often of secondary importance to other synoptic mechanisms. While winter precipitation has not been shown here to directly impact winegrape production, ENSO likely has an indirect effect through the soil-water balance in the spring and entering the growing season. However, the result that suggests years of neutral ENSO are wetter than normal in the western United States wine regions during spring and summer was very important when the PDO phase was considered (below).
While ENSO proved to be relatively unimportant to winegrape production, PDO phase was highly significant for many of the climate variables over the period from 1948 to 1998 (Table 5) . PDO was highly significant (p << 0.05) in most (7 of 10) wine regions for 8 of the 11 temperature variables. Unlike ENSO, there were no significant differences in precipitation during any season. In general, cold PDO was associated with low temperatures in every season and the increased likelihood of spring frost. The variables of minimum Table 4 ). Tavg: growing season average temperature; Tmin: growing season average temperature; NS: not significant temperature, number of spring frost days, date of last spring frost, and the number of frost-free days were significantly different (more frost) during the cold PDO compared to the warm PDO in nearly all of the wine regions of the western United States. The analysis for Napa Valley from 1930 to 1998 finds similar, albeit slightly different results compared to the western United States wine regions. The impact of cold PDO was significant for 8 of the 15 climate variables for the Napa Valley (Table 5) . Growing season average and minimum temperatures were lower during the cold PDO, which leads to less heat accumulation (GDDs). In addition, there were more days below 0°C on an annual and spring basis, the date of the last spring frost was nearly a month later, and the frost-free period was 33 d shorter during the cold PDO. Finally, during the cold PDO there was typically more precipitation during the ripening period (15 August to 15 October). While the case for the PDO being a primary mechanism influencing western United States wine production is strong, one could argue that the PDO phases just coincide with climate warming. To further investigate this argument, ENSO phases were split by PDO phases and related to climate structure and trends in the western United States wine regions.
Not surprisingly, when years of El Niño, La Niña, and neutral ENSO were stratified by PDO phase, the ENSO phases that occurred during the cold PDO had significantly lower minimum temperatures than years of warm PDO (Table 6 ). As before, none of the precipitation variables showed significant differences when ENSO years are split by PDO phase (not shown). However, aside from these expected similarities, the impact of PDO on ENSO was different for El Niño, La Niña, and neutral ENSO. When El Niño years were split by PDO phase, 5 of the 6 frost variables showed significant increases for at least 70% of the wine regions during the cold PDO (Table 6 ). The length of the frostfree growing season was significantly shorter (p < 0.05) in all 10 wine regions (by an average of 28 d) when El Niño occurred during the cold phase of the PDO. Years of neutral ENSO had significantly more spring frost, fewer GDDs, and a shorter frost-free growing season in at least half of the wine regions during the cold phase of the PDO. Unlike El Niño and neutral ENSO, however, years of La Niña were not significantly impacted by PDO phase for any variable outside of minimum temperatures. While the PDO and, to a lesser extent, ENSO are shown to impact the climate variables important to winegrape production, especially with regards to minimum temperatures and winter and spring frost, it is not yet conclusive how the teleconnections impact actual wine quality. For that, we conducted a similar analysis using 'Wine Spectator' vintage ratings.
'Wine Spectator' rating analysis
Further evidence that El Niño events are not associated with poor vintages is shown by Table 7 . During the 19 yr of El Niño the WSR averaged 88.7 and had relatively little variability. Both La Niña and years of neutral ENSO had WSR that averaged slightly less than that of El Niño, but both had far greater variability as represented by the standard deviation being nearly twice that of El Niño years. While El Niño is shown to be associated with higher WSR, the differences between ENSO phases are not statistically significant. This was not the case for mean WSR split by PDO phase (Table 7) . Years in a cold PDO phase have significantly lower WSR compared to years in a warm PDO phase (p < 0.01). While the PDO results were expected, the truly surprising results are shown by Table 8 . The subset of ENSO-PDO years associated Table 9 shows that years of neutral ENSO-cold PDO produced 5 of the 7 lowest WSRs, while the other 5 ENSO-PDO subsets were each represented in a similar listing of the highest WSRs. Remarkably, the subsets of years with the best and worst quality WSR, respectively, both occurred during the cold PDO from 1947 to 1976. While the fact that the lowest quality vintages were associated with the cold PDO was expected, the fact that some of the highest quality vintages of the past 66 yr occurred at the same time was not. To determine which climate variables are the best predictors of WSR, a PCA was performed on the 15 climate variables for the Napa Valley (1933 to 1998, truncated to match the PDO; see Section 2) with a varimax rotation to simplify interpretation. Overall, 5 significant components explaining 82% of the initial variation were retained (Table 10 ). The leading mode of variability among the climate variables can be considered the spring frost/cool growing season PC (26.4%). The second component explained 21.0% of the remaining climate structure and is related to growing and ripening season heat accumulation or average temperatures. PC3 explained 15.2% of the variation and is represented by the timing and frequency of frosts in the fall. PC4 explained 10.3% of the variation and loaded positively with growing season and bloom period rainfall, while PC5 explained 8.8% of the remaining variability and is represented by winter and ripening period precipitation. While PC1, PC2, and PC5 are significantly correlated to WSR (Table 10) , when all 5 PCs were subjected to a stepwise multiple regression with WSR, a 4 variable model with PC1, PC2, PC4, and PC5 explained 37% of the variation in WSR over the period from 1933 to 1998. Regression coefficients for PC1 and PC2 are both positive, with PC2 having the greatest impact on WSR and indicating that warm growing seasons, followed by warm ripening periods, result in higher ratings. PC1 has the next largest influence on vintage ratings, with fewer and earlier last spring frosts, a longer than normal frost-free period, and followed by relatively cool nights during the growing season. PC4 and PC5 have negative regression coefficients, showing that rainfall during the growing season and bloom and ripening periods resulted in lower vintage ratings and that previous winter rainfall was related to higher ratings.
Comparing these results to the teleconnection analysis for the Napa Valley above (1930 to 1998) showed that spring frost, cooler and shorter growing seasons, and ripening period precipitation were significantly associated with the cold PDO phase and that winter, spring, and summer precipitation were mostly asso-251 
CONCLUSIONS
The goal of this analysis was to determine how regional climate teleconnections such as the El Niño-Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO) relate to climate variables important to winegrape production in the primary growing areas of the western United States as well as to wine quality in the Napa Valley. This research found that the 2 phases of ENSO, including El Niño, which is often misconstrued by growers as being detrimental to vintages (Jones 2005a) , did not exhibit a significant association with most wine region climate variables or vintage ratings. The PDO, however, was significantly associated with most temperature variables as well as ratings of wine quality in Napa, with the cold phase associated with colder springs, increased frost risk, shorter growing seasons, precipitation during ripening, and lower ratings.
The most surprising result of this study was that the ENSO-PDO subsets associated with some of the highest and lowest quality wine both occurred from 1947 to 1976, a time when wine quality was much more unpredictable than during the past 20 yr. While any number of ENSO-PDO combinations can lead to higher wine ratings, the analysis revealed that nearly all cases (5 of 7) of very poor vintages according to the WSRs for Napa Valley Cabernet Sauvignon (< 75) were associated with years of neutral ENSO during the cold phase of the PDO. These low-rated vintages generally experience cold springs, cooler than average growing seasons with aboveaverage rainfall in the growing season and ripening period, which can produce greater risks and challenges to wine production and quality through bud damage, flowering and fruit set problems, as well as moisture-related disease pressure (Jones 1997) . Given that this analysis shows that climate explained only 37% of the variation in vintage ratings in Napa, the question arises as to what other factors are influencing the rest of the variation or trend? Vierra (2004) argues that some of the trend toward increased quality scores is due to the tendency for wines that are higher in alcohol and which have more concentrated flavor profiles to be rated higher by wine critics. Vierra (2004) along with Jones (2005a) also notes that during later half of the 20th century, changes in winemaking technology, better plant material, and better vineyard management have decreased the year-to-year variability in quality, making it much less likely to see such low ratings as those experienced during the 1940s through the 1970s.
Other research has pointed to potential changes in wine production and quality globally and across the western United States due to observed and projected climate change. Using vintage ratings for wine regions throughout the world, Jones et al. (2005) found that quality thresholds exist for many regions, with some being pushed to the brink of their optimum climate for the varieties currently planted and wine styles currently produced. Forcing a high-resolution (25 km) regional climate model with the IPCC A2 greenhouse gas emission scenario, White et al. (2006) estimated that the potential premium winegrape production area in the United States could decline by up to 81% by the late 21st century. The research found that increases in heat accumulation will likely shift wine production to warmer climate varieties and/or lower quality wines. Additionally, the models show that, while frost constraints will likely be reduced, increases in the frequency of extremely hot days (> 35°C) in the growing season are projected to completely eliminate winegrape production in many areas of the United States. Furthermore, grape and wine production will likely be restricted to a narrow West Coast region and the Northwest and Northeast, areas where excess mois-252 ture is already problematic (White et al. 2006) . Lobell et al. (2006) further substantiated the work by White et al. (2006) by finding that projections of climate change in California reduced yield across the most important perennial crops in California, including winegrapes, and noted the substantial shifts in suitability for winegrape cultivation to more coastal and northern counties. However, the results of this research suggest that natural oscillations in Pacific sector climate variability may be just as important, or more so, to the wine industry than climate change, although increased warming may mitigate a return to the cold phase of the PDO. Overland & Wang (2007) describes how modeling results suggest that the decadal variability in the North Pacific SSTs will continue nearly the same through the 21st century, but that the influence of an upward trend in SSTs will become increasingly evident. Newman (2007) also finds predictability in ENSO-PDO on the order of 2 yr or less that is related to the coupling of the 2 teleconnections, which may result in 'regime shifts' that are the sum of several phenomena. Furthermore, while the current phase of the PDO is uncertain (N. J. Mantua pers. comm.), some believe that the PDO was in the cold phase from 1999 to 2002. The WSRs suggest this may be the case since the 5 yr moving average of the WSR appears headed downward since 1997, and the years of 1998 (86), 2000 (87), and 2002 (87.5) were much lower than the 5 yr moving average and were the first years with a WSR of < 90 since the late 1980s. While increased climate warming may help to stave off a return to WSRs of < 75, wine producers should be prepared for more variable wine quality should a prolonged cold phase of the PDO develop. 
